Mounting evidence suggests that altered lubricant levels within synovial fluid have acute biological consequences on chondrocyte homeostasis. While these responses have been connected to increased friction, the mechanisms behind this response remain unknown. Here, we combine a frictional bioreactor with confocal elastography and image-based cellular assays to establish the link between cartilage friction, microscale shear strain, and acute, adverse cellular responses. Our incorporation of cell-scale strain measurements reveals that elevated friction generates high shear strains localized near the tissue surface, and that these elevated strains are closely associated with mitochondrial dysfunction, apoptosis, and cell death. Collectively, our data establish two pathways by which chondrocytes negatively respond to friction: an immediate necrotic response and a longer term pathway involving mitochondrial dysfunction and apoptosis. Specifically, in the surface region, where shear strains can exceed 0.07, cells are predisposed to acute death; however, below this surface region, cells exhibit a pathway consistent with apoptosis in a manner predicted by local shear strains. These data reveal a mechanism through which cellular damage in cartilage arises from compromised lubrication and show that in addition to boundary lubricants, there are opportunities upstream of apoptosis to preserve chondrocyte health in arthritis therapy.
Introduction
Under healthy conditions, articular cartilage provides joints with the most efficient bearing surface found in nature. However, the failure of this tissue in osteoarthritis (OA) is the leading cause of severe disability in the United States (Murphy et al., 2008) . Despite its widespread prevalence, early stages of OA and its progression are not well understood (Anderson et al., 2011; Buckwalter et al., 2013) . Even in cases with a known initiating event such as a traumatic injury, symptomatic OA can take decades to manifest (Brown et al., 2006) obscuring mechanisms leading to the initiation of dysfunction. This knowledge gap arises from an incomplete understanding of how mechanical perturbations dictate biological responses in the early stages of disease (Buckwalter et al., 2013) .
There is mounting experimental evidence that friction acutely affects chondrocyte homeostasis (Waller et al., 2013 ). Cartilage exposed to high friction exhibits significantly more chondrocyte apoptosis compared to cartilage lubricated by healthy synovial fluid (Waller et al., 2013) . Such findings indicate that elevated cartilage friction coefficients increase shear strains (Wong et al., 2008) , a known correlate to cell death. From these previous findings, a picture emerges where factors such as aging (Temple- Wong et al., 2016) , traumatic injury (Elsaid et al., 2008) , and disease (Kosinska et al., 2015) affect levels of lubricants such as lubricin and hyaluronic acid in synovial fluid, which in turn increases the friction coefficient at the cartilage surface (Bonnevie et al., 2015; Schmidt et al., 2007) . However, the relationship between elevated friction, frictional shear strains, and adverse cellular responses such as apoptosis is not clear.
Mechanically-mediated apoptosis often progresses through mitochondria-driven processes (Wang and Youle, 2009 ). In these cascades, excessive intracellular calcium leads to mitochondrial depolarization, and mitochondrial depolarization can initiate caspase activation though cytochrome C release (Huser and Davies, 2007) . Recent evidence suggests that excessive friction can play a role in initiating this cascade, as lubricin knock-out (i.e., lubrication https://doi.org/10.1016/j.jbiomech.2018.04.020 0021-9290/Ó 2018 Elsevier Ltd. All rights reserved. inhibition) leads to mitochondrial dysregulation (Waller et al., 2017) . However, it is unclear whether this cellular dysregulation is dependent on friction-mediated mechanics. In part, this knowledge gap arises due to the difficulty of measuring friction coefficients, the resulting microscale mechanics and cellular response in a single tissue source. To address this missing link regarding the role of friction and the resulting mechanics that stimulate chondrocyte dysfunction, we combined a frictional bioreactor with confocal elastography and image-based cellular assays to establish the link between cartilage friction, micro-scale shear strain, and acute, adverse cellular responses.
Methods

Tissue harvest and preparation
Cartilage from the femoral condyles of more than 10 neonatal bovids were collected within 24 h of sacrifice (Gold Medal Packing, Rome NY). Cylindrical plugs (6 mm diameter by 2 mm thick) were extracted using sterile practices from the central region of the condyles along the major axis of articulation. Prior to any mechanical stimulus, samples were equilibrated for 90 min in Dulbecco's Modified Eagle Medium (DMEM) at 37°C and 5% CO 2 . Synovial fluid was extracted from healthy adult horses and pooled from several joints to minimize sample to sample variability.
Frictional sliding
Articular cartilage samples were slid against polished glass counterfaces (McMaster Carr, Elmhurst, IL) in a custom-built tribometer (Bonnevie et al., 2015; Gleghorn and Bonassar, 2008) (SFig. 1A). Samples were submerged in a lubricating bath of either phosphate buffered saline (Corning, Manassas VA) or equine synovial fluid. Samples were compressed to 15% axial strain using optical micrometer stages (10 lm resolution) before sliding 30 reciprocating cycles of ±6 cm at 1 mm/s as actuated by a lead screw-driven stage actuated by a micro-stepper motor (MDrive Plus, Schneider Electric, Rueil-Malmaison, France). Both shear and normal loads were collected simultaneously using a custom biaxial load cell and friction coefficient was calculated as the ratio between shear load and normal load and averaged across the sliding cycle.
Depth-dependent shear strain measurements
A setup emulating the tribometer configuration ( Fig. 1A ) was mounted on a Zeiss Live 5 confocal microscope to measure depth-dependent frictional shear strains. Shear strains were tracked in a similar manner to previous studies that measured depth-dependent shear properties (Buckley et al., 2010; Griffin et al., 2014) . Samples were axially bisected to form hemicylindrical samples that were mounted via their deep zone using cyanoacrylate adhesive to a tissue deformation imaging stage as previously described (Buckley et al., 2010) . Samples were stained for 30 min in 7 lg/mL 5-DTAF for general protein florescence followed by PBS washes. In contrast to our previous studies, samples were bathed in either PBS or synovial fluid and compressed to 15% axial strain against polished glass using a micrometer stage. In a similar manner to frictional testing, the glass slide was reciprocated against the cartilage surface using a piezoelectric positioning stage actuated with an average speed of 1 mm/s. Videos were captured at 20 frames per second focused near the tissue surface to track the depth dependent shear strains (See supplemental videos). Depth-dependent shear deformations were tracked by analyzing the displacements photo-bleached lines perpendicular to the articular surface. The maximum local shear strains were calculated through differentiation of the local displacements as previously described (Buckley et al., 2010) .
Cellular imaging
Viable, hydrated cartilage explants were imaged on a Zeiss LSM 710 confocal microscope to determine the cellular responses to repeated frictional shear. After 30 cycles of sliding, samples were either incubated in DMEM for 2 h before staining, or incubated for 24 h in DMEM supplemented with 100 U/ml penicillin and 100 lg/ml streptomycin. Live/Dead staining was conducted 2 h after sliding. Cylindrical samples were axially bisected into hemicylinders and stained for 20 min with 4 lM Calcein AM and 2 lM Ethidium homodimer (Molecular Probes) followed by PBS rinse. Calcein AM and Ethidium homodimer were both excited by a 488 nm laser line (7% power) and differentiated upon spectrally resolved detection into channels set for green (493-574 nm) and red (590-740 nm) which were available as presets in the Zen software (Zeiss) for the respective fluorophores. Control and frictionally loaded samples were scanned at the same time points with the same imaging parameters. Mitochondrial polarization was assessed 2 h after sliding as well. Hemicylindrical samples were stained with MitoTracker Green (MTrG; 200 nM) for 40 min followed by 20 min with tetramethylrhodamine methyl ester perchlorate (TMRM; 10 nM) added. Briefly, MTrG staining was used to stain all MT, regardless of membrane polarity, whereas TMRM staining was used to indicate functional (i.e., polarized) MT. Additionally, samples incubated for 24 h after sliding were stained with CellEvent Caspase-3/7 Green (Thermo Fischer Scientific) following manufacturer instructions. Staining for 30 min was conducted before imaging along with confocal reflectance.
Depth-dependent cellular responses were quantified using Ima-geJ. Confocal images were imported into ImageJ, and segmented into 7 depth dependent bins (50 lm depth by 250 lm wide) with all cells analyzed per bin ($50 cells/bin; $350 cells were analyzed per sample). Image analysis outcomes were reported as percentage cell death (100 ⁄ total red cells/total red and green cells), percent cells with depolarized MT (100 ⁄ total green cells/total cells colocolizing red and green), and number of caspase-positive cells.
Statistical analyses
Differences in equilibrium friction coefficient were determined by Student's t-test for the 30th cycle of sliding. Differences in depth-dependent shear strain were determined at each depth similarly with a Student's t-test and average p value was reported for all depths in addition to the max p value (i.e., least significant). Cellular effects between lubrication groups and control were analyzed using non-linear mixed effects models. Treatment group (Control, PBS, or Synovial Fluid) and depth (50, 100, 150, 200, 300, and 350 lm) were analyzed as fixed effects, and animal was considered a random effect. Cellular responses as a function of depth were fit to exponential models (i.e., Response = A ⁄ e Àdepth/B , where A and B are fitting parameters with fixed and random effects). The residuals were assessed for normality and homogeneity. P-values were used to assess differences in amplitude (A) and decay rate (B) between groups. Correlations between measured parameters were determined using a Pearson correlation coefficient. Further details of this analysis are available in the supplemental material and Supplemental Table 1 . Significance was set at p < 0.05, and all analyses were conducted in Excel or Matlab.
Results
Amplified shear strains in the cartilage superficial zone
To establish how friction applied to the articular surface induces microscale strains we compared friction coefficient measurements from a frictional bioreactor with local shear strain measurements obtained from confocal elastography. Samples compressed to physiologic strain levels (Carter et al., 2015) and slid for 30 cycles over 1 h at 1 mm/s while bathed in either phosphate buffered saline (PBS) or in synovial fluid exhibited significantly different friction coefficients. Additionally, the friction coefficient for both lubricants exhibited time dependence as expected (Ateshian, 2009 ) and reached equilibrium values after $15 cycles (Supplemental Fig. 1 ). At equilibrium, the coefficient of friction for PBS was 2.8 times that of synovial fluid (p < 0.008, l eq = 0.25 ± 0.02 for PBS lubricated cartilage and l eq = 0.09 ± 0.05 for synovial fluid lubricated cartilage, n = 3 per group). This cartilage-on-glass configuration was mounted on a confocal microscope ( Fig. 1A) and videos were collected of cartilage articulated in either PBS or synovial fluid ( Fig. 1B-E ). The increase in friction for cartilage lubricated by PBS, in turn, generated significantly higher shear strains. Throughout the depth, shear strain in PBS-lubricated cartilage was at least twice as high as those of synovial fluid-lubricated cartilage (p ave < 0.001, p max = 0.0026, n = 7-8 samples per group, p values calculated at 96 depths, Fig. 1F ). Due to the depth-dependent, graded structure of cartilage, both PBS-and synovial fluidlubricated cartilage exhibited depth-dependent shear strain with large strains primarily concentrated in the superficial zone, within 100 lm of the articular surface (Buckley et al., 2010; Wong et al., 2008) . For PBS-lubricated cartilage, shear strain reached a maximum of 9.7 ± 2.6%, while the maximum strain in the synovial fluid-lubricated cartilage peaked at 4.5 ± 1.9%. These data show that the effects of increased friction are particularly concentrated near the articular surface. Recent studies have shown that cell death is highly correlated to excessive local strains (Bartell et al., 2015) . As such, it is important to determine whether such depth dependent differences in induced strains between lubricant groups affect chondrocyte homeostasis.
Depth-dependent chondrocyte homeostasis
To determine how chondrocyte homeostasis varies with depth from the tissue surface, we assayed samples that underwent 30 cycles of sliding over 1 h in the frictional bioreactor 2 h post sliding ( Fig. 2A-D) . Samples were analyzed for both lubricant-and depthdependence for acute cell death (n = 4 biological replicates per group, analyzed in 7 Â 50 lm deep bands with $50 cells per bin, $350 cells per sample). Staining with both Calcein AM (live, green) and ethidium homodimer (dead, red) revealed minimal cell death in control tissue. In tissue lubricated by synovial fluid, <10% of cells died except in the superficial most 50 lm of the tissue, where 26 ± 9% of cells died. In contrast, cartilage lubricated by PBS exhibited significantly more cell death than control and synovial fluidlubricated cartilage. Specifically, within the first 50 lm of tissue, almost all (95 ± 4%) cells were dead, and between 50 and 100 lm deep, close to half (40 ± 15%) of the cells were dead. This effect of acute cell death rapidly decays deeper into the tissue, with fewer than 10% of cells located deeper than 150 lm from the articular surface experiencing acute cell death. These results suggest that in cartilage exposed to high friction, the relatively large strain induced in the superficial zone surpassed the threshold to induce acute chondrocyte death. To address whether cells exposed to sub-necrotic levels of strain trigger alternative cellular responses, we assayed mitochondrial dysfunction, a factor emerging as an early indicator of cartilage degeneration (Delco et al., 2017; Goetz et al., 2016; Waller et al., 2017) . We measured mitochondrial polarization 2 h post sliding by staining all mitochondria with MitoTracker Green and functional mitochondrial membranes with the membranepolarity-sensitive dye tetramethylrhodamine methyl ester perchlorate (TMRM; 10 nM). Similarly to the acute cell death response, a significant portion of cells exhibited mitochondrial dysfunction, or more specifically depolarization of mitochondrial membranes as evidenced by a lack of TMRM staining. This MT depolarization was both depth-and friction-dependent ( Fig. 2E-H ). Within the superficial-most 100 lm, both PBS-and synovial fluid-lubricated cartilage contained a large proportion of cells exhibiting MT depolarization compared to controls (98 ± 2% and 94 ± 4% of cells for 0-50 lm and 50-100 lm for synovial fluid, and 96 ± 3% and 95 ± 14% of cells for 0-50 lm and 50-100 lm for PBS-lubricated cartilage, p < 0.05, n = 4). Between 100 and 350 lm deep from the articular surface, MT depolarization dropped to 44% and 63% for synovial fluid-and PBS-lubricated cartilage, respectively. These data provide evidence that for sufficiently high friction-induced strains produced by poor lubrication, mitochondrial dysfunction can arise acutely within hours of loading.
Because of the established link between mitochondrial depolarization and apoptosis we determined whether the observed MT depolarization in our tissues is also accompanied by apoptosis ( Fig. 2I-L) . After sliding, samples were incubated in culture medium for 24 h then assayed for activated caspase 3/7 and counter-imaged using confocal collagen reflectance (n = 4 per group). Overall, increased friction promoted chondrocyte apoptosis, as significantly more caspase-positive cells were detected in PBS-lubricated cartilage compared to controls (PBS: 121 ± 88 cells; synovial fluid: 56 ± 30; control 28 ± 18 caspase-positive cells; p < 0.05). Similarly to cell death and MT depolarization, apoptosis exhibited significant depth dependence with apoptotic cells found more than 300 lm from the surface in cartilage lubricated by PBS (Fig. 2L) . Collectively, these results demonstrate that even in cases where induced strains are sub-necrotic, chondrocytes are still susceptible to adverse responses such as MT depolarization and apoptosis.
Micro-scale shear strain predicts chondrocyte dysfunction
To quantitatively link the friction induced depth-dependent strains with the cellular responses, we determined whether local strains (Fig. 1) were predictive of cellular dysfunction (Fig. 2) . When overlaying shear strain maps on images from our cellular analysis in Fig. 3A , we found a striking visual correlation between the mechanical and biological responses. Further, we binned the frictional shear strain data in the same depth-dependent bins from the cellular analysis to determine correlative relationships. This analysis revealed significant connections between local mechanics and acute cell death. In fact, a weighted sum of shear and normal strain maintained a significant relationship with cell death even with both lubricant groups pooled together (R 2 = 0.78, p < 0.001, Fig. 3B ) establishing a robust connection between frictioninduced shear strains and acute cell death. The data further revealed a significant dependence of mitochondrial dysfunction on local mechanics. Plots of the fraction of cells exhibiting mitochondrial depolarization versus local shear strain (Fig. 3C ) presented a strong linear correlation between the data sets (R 2 = 0.95, p < 0.00001) revealing a robust connection between local overload due to strain and mitochondrial function. Similarly, for apoptosis, the correlation between caspase-positive cells and local shear strain provided a strong linear correlation (R 2 = 0.80, p = 0.000014, Fig. 3D ). Further, the depth-dependent correlation between number of apoptotic cells and MT depolarization was also significant (R 2 = 0.73, p = 0.00009, Fig. 3E ), solidifying the connection between local mechanics, MT depolarization, and apoptosis due to friction induced strain in articular cartilage.
Discussion
Collectively, these measurements of cell death, mitochondrial depolarization and apoptosis demonstrate the importance of the friction coefficient in controlling the level of shear strains within cartilage, which in turn influences chondrocyte health. The data revealed distinct mechanisms through which chondrocytes respond to friction in negative ways. In the superficial zone of cartilage where shear strains are amplified, sufficiently large shear strains can result, leaving chondrocytes susceptible to acute death. Additionally, below this surface layer chondrocytes are susceptible to mitochondrial dysfunction and apoptosis in a manner predicted by the local strain (Fig. 3) . The adverse chondrocyte responses described above provide insight into therapeutic interventions for friction-related dysfunction ( Fig. 4) . One avenue to mitigate the local strains associated with dysfunction is injecting lubricants into the joint space (Balazs and Denlinger, 1993; Flannery et al., 2009; Jay et al., 2010) . While lubricant supplementation has been conducted clinically for decades (Balazs and Denlinger, 1993) , the present data indicate that altering the lubricating environment can directly alter chondrocyte health. Classically, the effects of elevated friction in arthritis have been considered predominantly mechanical in nature, where elevated friction leads to a wearing away of the cartilage surface in a 'wear and tear' process (Jay et al., 2007; Oungoulian et al., 2015; Radin and Paul, 1971) . But, the evidence presented here suggests that acute biological responses to elevated friction also dictate cartilage homeostasis.
While tribosupplementation may reduce friction and consequently the shear strains linked with chondrocyte dysfunction, there are several other therapeutic targets downstream of lowering the friction coefficient. The data from this study implicate mechanotransductive pathways in aberrant responses to friction. While calcium signaling was not explicitly studied here, its role in cartilage mechanotransduction and mitochondrial depolarization is relatively well understood (Huser and Davies, 2007; O'Conor et al., 2014) . Indeed, inhibiting calcium signaling in cases of high friction poses a therapeutic target to reduce adverse effects such as MT depolarization and eventual apoptosis, in addition to down regulation of catabolic cytokines (O'Conor et al., 2014) . However, it should be noted that as calcium signaling is inhibited, anabolic effects due to mechano-active pathways can also be blocked. Thus, this particular piece of the pathway may be difficult to affect without adverse side effects.
Downstream of calcium signaling, mitochondrial depolarization poses a third therapeutic target to inhibit friction-mediated Number of apoptotic cells correlated highly with local frictional shear strain (R 2 = 0.80, p = 0.000014). (E) Number of apoptotic cells at 24 h was predicted by MT depolarization at 2 h (R 2 = 0.73, p = 0.00009). Fig. 4 . Chondrocyte responses to frictional overload and targets of therapeutic intervention. In the pathway spanning elevated friction to apoptosis, tribosupplements are an avenue to inhibit frictional overload, ion channel inhibitors can reduce excessive intracellular calcium that promotes mitochondrial depolarization. MTtargeted therapeutics can restore respiratory function and inhibit caspase activation. Finally, pan-caspase inhibitors can inhibit apoptosis, but these therapeutics may not restore respiratory function of chondrocytes. chondrocyte dysfunction. While understudied in cartilage, mitochondrial depolarization is implicated in the progression of other diseases including cardiac and neurodegenerative diseases (Levraut et al., 2003; Lin and Beal, 2006) . By hindering the function of mitochondria, not only are cellular energetics hindered, but also these dysfunctional cells are typically destined for apoptosis (Wang and Youle, 2009 ). In line with this train of thought, recent evidence suggests that MT dysfunction is a critical step in the incubation phases of cartilage disease (Delco et al., 2017; Goetz et al., 2016; Waller et al., 2017) . In the context of diseases outside of the musculoskeletal umbrella, mitochondrial protection and restabilization has emerged as a tool to halt disease progression or restore organ functionality (Eirin et al., 2014; Szeto, 2008; Szeto and Schiller, 2011) . While our group has recently reported on preliminary evidence of mitochondrial protection in cartilage (Delco et al., 2018) the data from the present study indicate that mitochondrial stabilization may pose a robust therapeutic target in cartilage disease or degeneration.
Finally, caspase activation and the apoptotic cascade pose a further downstream therapeutic target as indicated by the present study. As apoptosis has already been implicated in cartilage injury and disease (Hashimoto et al., 1998; Waller et al., 2013) , researchers have assessed apoptosis inhibition through pan-caspase inhibitors (D'Lima et al., 2006) . While this treatment revealed some degree of damage inhibition, it remained unclear whether the proper function of chondrocytes was maintained in these caspase-blocked cells. Thus, while caspase inhibition may prevent apoptosis, it is possible that a root cause of dysfunction within the mitochondria is not addressed by such treatments, and therefore may not be a robust therapy.
Despite maintaining the well-lubricated surfaces in the vast majority of people, factors such as disease, aging, and injury all adversely affect lubricant levels of articular cartilage. Classically, this increase in friction has been considered a factor leading to 'wear and tear' of the cartilage matrix, but here we have detected clear connections between friction and chondrocyte responses. While frictional overload in this study had the potential to lead to acute necrosis (i.e., shear strain > 0.07), many cells were destined for apoptosis. As such this work establishes additional therapeutic targets aimed at disrupting this cascade. In particular, we are optimistic that emerging therapies aimed at rescuing mitochondrial function could achieve this goal as they have shown promise in treatment of other diseases.
